Because it has been proposed that the ribosome-membrane interaction is different in endoplasmic reticulum derived from a non-secretory and secretory cell we undertook a study to determine whether attachment of the ribosome to the membrane involved ribosomal RNA and if the rRNA in ribosomes derived from the two classes of cell possessed an altered susceptibility to RNAase (ribonuclease) hydrolysis. We found that brain ribosomes appeared to possess more regions accessible to nuclease attack, independent of whether a sequence-dependent RNAase (TI) or a sterically hindered RNAase bound to Enzite polymer was employed. These results were independent of whether the ribosomes were membrane-bound or detached from the endoplasmic reticulum membranes, but at high RNAase concentration these differences became negligible. No conclusions, however, could be drawn as to whether ribosomal RNA is involved in the attachment of the ribosome to the endoplasmic reticulum membrane, because of the presence of endogeneous membrane-associated RNAases. Analysis of the rRNA fragments by polyacrylamide-gel electrophoresis suggests that the sites available for attack by low concentrations of nuclease in bound-ribosomes derived from brain cortex are different from those of liver.
It appears that nascent protein chains synthesized by the membrane-bound ribosomes in a secretory tissue (liver) traverse the endoplasmic reticulum membrane. This, however, does not hold true for proteins synthesized by non-secretory tissues (brain cortex, muscle) (Andrews & Tata, 1968 ) and differences in the ribosome-membrane interaction were proposed to explain the observed properties of the two classes of tissue.
Early experiments (Dingman & Sporn, 1962) showed that the ribosomal RNA extracted from brain and liver microsomes (microsomal material) possess similar properties with respect to u.v. spectra, thermal hypochromicity and kinetics of RNAase* hydrolysis, although small differences which may have been experimentally significant, were observed in the thermal 'melting' properties. Recently, McInnes (1972) showed differences in the composition of ribosomal proteins derived from brain and liver ribosomes.
It therefore appeared justifiable to investigate whether the rRNA in brain and liver ribosomes differed with respect to its susceptibility to a variety of RNAases. Such an approach might also reveal whether the RNA component of the ribosome is involved in the ribosome-membrane interaction: this might be shown by an altered accessibility of the rRNA to hydrolysis when the ribosomes are attached * Abbreviation: RNAase, ribonuclease. Vol. 135 to the endoplasmic reticulum membrane. A study was therefore commenced employing two nucleases (pancreatic RNAase A and RNAase T1) with different sequence specificity to study the relative importance of RNA sequence, and an RNAase A bound to cellulose (Enzite) to determine how the accessibility of the rRNA was governed by the conformation of the ribosome.
Materials and Methods
The methods used to prepare 'heavy' endoplasmic reticulum fractions of brain and liver were those described by Andrews & Tata (1968) except for the following slight modifications. Four male SpragueDawley rats (300-400g) were used for each liver preparation and twelve to fifteen animals for each brain preparation. The homogenate medium for the liver was similar to that described by Andrews & Tata (1968) except that the buffer for homogenization was 0.25 M-sucrose -25 mM-KCl OmM-MgCl2 -50 mMTris-HCi, pH 7.5 (0.25 M-sucrose-TKM buffer), and a 1.3 M-sucrose barrier (as described by Tata & Williams-Ashman, 1967) was used in the first stage of fractionation of the microsomal pellet. The brain homogenate was also prepared by blending the braincortex tissue in 0.25M-sucrose-100mM-KCI-10mm-MgC2 -50mM-Tris-HCI, pH7.4, in a Waring Blendor for 3 min.
Free polyribosomes from liver were prepared from the 2.0M-sucrose layer of the last barrier-centrifugation. They were dialysed against the 0.25M-sucrose-TKM buffer described above for homogenization (the suspensions had the following absorbance ratios: E260/E240 1.2-1.3 and E260/E280-1.7-1.8).
Detached polyribosomes from both tissues were prepared by deoxycholate treatment [1 % (w/v) for liver and 2 % (w/v) for brain] of the heavy endoplasmic reticulum fraction in the presence of post-microsomal cell sap (an RNAase inhibitor) followed by centrifugation over a two-step barrier of 1.5 Msucrose and 2.0M-sucrose at lOOOOOg for 14h in an SW40 rotor. The two-step barrier procedure resulted in the deoxycholate layer forming between the 1.5M-and 2.0 M-sucrose layers with a polyribosome fraction possessing good spectral characteristics (E260/E240
1.3-1.4, E260/E280 1.8-1.9) being found in the 1.5M-sucrose layer. This method was especially useful when preparing ribosomes from the brain, which gave very low yields because: (a) the amount of RNA initially present attached to the brain endoplasmic reticulum was low (RNA content -120,tg of RNA/mg of protein, cf. liver 300-400,tg of RNA/mg of total protein) and (b) deoxycholate treatment solubilized only part of the brain endoplasmic reticulum membrane. Ribosomes were also prepared from brain by treatment with 1 % (w/v) deoxycholate and gave similar results to those prepared with 2% (w/v) detergent; the latter technique, however, resulted in a greater yield and was therefore used. These polyribosomes had RNA/protein ratios of 0.6 +0.1 and 0.7±0.1 for the brain and liver respectively; these values are similar to those reported by Andrews & Tata (1971) .
Labelled polyribosomes were prepared as above but with liver tissue derived from a rat given 200,uCi of [3H]orotic acid (23 Ci/mmol, Amersham/Searle, Des Plaines, Ill., U.S.A.) per lOOg body weight intraperitoneally 14h before death. The rat was fed before being killed to avoid decreased RNA synthesis (Blobel & Potter, 1967) .
Chemical determinations
Protein was determined as described by Lowry et al. (1951) with crystalline bovine serum albumin as the standard. Membrane associated RNA was determined as described by Schneider (1957) and ribosomal RNA from the E260 (Munro & Fleck, 1966) . Membrane RNA was determined by the method of Seifert & Remmer (1971) .
Radioactive ribosomal RNA was hydrolysed with 0.3 M-KOH for 18 h at 37°C and then neutralized with perchloric acid. A synthetic equimolar mixture of AMP, UMP, GMP and CMP was added and the bases were separated by paper electrophoresis as described by Markham & Smith (1952) . The spots were cut out, the nucleotides eluted with 0.1 M-HCI and counted for radioactivity with Bray's (1960) RNAase treatment of the endoplasmic reticulum membrane-ribosome complex was performed at 37°C in 0.25M-sucrose-lOOmM-KCl-lOmM-MgCI2 -50mM-Tris-HCI, pH 7.5 buffer, with avariable RNA/ RNAase ratio. Each membrane-bound ribosome preparation was incubated alone because of the presence ofvariable amounts ofendogenous nuclease and the amount of acid-soluble material thus liberated was subtracted from that liberated in the presence of added RNAase. The amount released with the membranes varied and was normally 20-40 % of the amount liberated by the exogenous RNAase; detached polyribosomes possessed an endogenous RNAase that liberated 1-10 % of that liberated by the added nuclease. The reaction was stopped at various times by adding trichloroacetic acid-uranyl acetate to final concentrations of 5 % and 0.01 % (w/v) respectively. The tubes were left overnight at 4°C, centrifuged at lOOOg for 15min and the E260 of the supernatants was read in a Gilford 2400 spectrophotometer. If the acid-soluble material was labelled, 1 ml was added to lOml of Bray's (1960) solution and counted for radioactivity. The specific radioactivities oftheribosomal RNAweredeterminedafterdigestion with NCS solubilizer (Nuclear Chicago, Ill., U.S.A.) or extraction by trichloroacetic acid at 90°C.
RNAase hydrolysis of the polyribosome samples was performed as for the membrane fractions except that, to aid precipitation of the polynucleotides and polypeptides, each portion (containing 50 or 100,ug of RNA) of the reaction mixture had 50jig of bovine serum albumin added before precipitation with the unlabelled trichloroacetic acid-uranyl acetate solution.
Polyacrylamide-gel electrophoresis Gels (5%, w/v) were prepared by the method of Peacock & Dingman (1967 Peacock & Dingman (1967) and scanned by using a Joyce-Loebl densitometer IIIC with a red filter (5-042). RNA samples were prepared from the bound ribosomes by phenol extraction employing sodium dodecyl sulphate to solubilize the membrane and ribosomal proteins (Peacock & Dingman, 1967) . Before precipitation with ethanol the RNA solutions were dialysed under pressure with a Diaflo Apparatus (Amicon Co., Lexington, Mass., U.S.A.) with a PM 10 filter. The precipitated RNA was washed with diethyl ether, dried and then dissolved in 20 % sucrose-0.004% Bromophenol Blue solution before application to the gel.
Sucrose gradients
The sample (2ml) was layered on a 15-30% (w/v) sucrose gradient in TKM buffer. Centrifugation was at 88000g in a SW40 rotor for 14h at 4°C; fractions of volume 0.5 ml were collected and their E260 was determined. The polyribosomal pellet was resuspended in 0.5 ml of buffer and its absorbance determined.
Results
We determined the amount of oligonucleotide material liberated after various times of incubation of the endoplasmic reticulum membrane-ribosome complex with low RNAase concentrations. Before using such a technique with the ribosome-membrane complex, it was necessary to establish that: (a) the detached polyribosomes were polyribosomes and did not contain degraded material or subunits and (b) that the E260 was an adequate measurement of the amount of oligonucleotide material liberated by RNAase treatment of the endoplasmic reticulum membrane. The sucrose gradient profiles of the control polyribosomes (Fig. 1) (Fig. 2) , an effect especially noticeable with pancreatic RNAase and EnziteRNAase. Separation of the bases of the labelled RNA showed that the amount of radioactivity that migrated with the added UMP was about 20 % more than that found with CMP; however rRNA contains twice as much CMP as UMP (Spirin & Gavrilova, 1969) , and thus the specific radioactivity of the UMP is twice to thrice that of CMP. The amount of radioactivity will therefore be greater than the E260 measurements indicate if the released oligonucleotides contain more uracil residues than the untreated ribosomes. This is expected with pancreatic A and T1 RNAase treatment, as hydrolysis of either the 18S or 28 S rat liver RNAase T1 and A results in the preferential loss of the adenine and uracil bases (Delihas, 1967) . We therefore concluded that monitoring the E260 was an adequate method to determine the degree of RNAase hydrolysis of membrane-bound and detached ribosomes. Heavy endoplasmic reticulum membrane fractions from brain cortex and liver were incubated with various RNAases in the sucrose-TKM buffer from brain cortex, which contains a high concentration of KCI (100mM). Brain polyribosomes are more susceptible to dissociation than those from liver (Zomzely et al., 1966) and, as the ribosomal subunit appears more susceptible to nuclease attack than the complete unit (Cox, 1969; Pinder & Gratzer, 1972) , all the data were obtained with the higher-ionicstrength buffer. However, use of the more commonly used low K+ concentration buffer did not influence the amount of oligonucleotide material released from brain ribosomes.
The results of RNAase hydrolysis of the endoplasmic reticulum ribosome-membrane complex and the bound ribosomes removed from the membranes by deoxycholate treatment from both brain cortex and liver are presented in Tables 1 and 2 . Hydrolysis ofthe brain ribosomes releases more oligonucleotide material than similar preparations from rat liver (Table 1 ). This result is independent of (a) whether or not the endogenous RNAase blank is subtracted and (b) the sequence or structural specificity of the RNAase employed. Detached ribosomes derived from brain cortex are also more susceptible to hydrolysis than those derived from the liver (Table 2) , the difference being ofthe order of 100 % (as observed with the membrane-bound ribosomes) except in the case of RNAase A, where there was a far smaller difference between the two species of ribosome. Note that large differences were observed with the polymer-bound RNAase A. If it is assumed that the sequence specificity of this polymer-bound enzyme remains unchanged, then a structural difference in the two classes of ribosome may explain these results, there being regions of RNA sequence accessible in the liver ribosome to RNAase A but buried and inaccessible to the polymer-bound enzyme. A similar difference is observed with the T1 RNAase, which has a very marked RNA sequence specificity.
The possibility of the endoplasmic reticulum membrane of the liver containing RNAase inhibitors can also be ruled out because (a) hydrolysis of a mixture of membrane-bound liver and brain-cortex ribosomes resulted in the amount of RNA liberated being equal to the sum of the two samples hydrolysed independently and (b) the brain-cortex ribosomes detached from the membrane also show an increased susceptibility to RNAase. The actual amounts of RNA liberated in the membrane-bound and detached polyribosomes cannot be compared because of the endogenous RNAase in the former.
The difference between the two species of membrane-bound ribosome may be due to more membrane RNA (Gardner & Hoagland, 1968) being associated with the brain endoplasmic reticulum which may be hydrolysed preferentially to the less accessible ribosomal RNA. This can be discounted because Shires et al. (1971) have shown that RNAase treatment (at far higher concentrations than employed here) of the liver endoplasmic reticulum membrane results in no decrease in the amount of membrane-associated RNA, only ina loss in the amount ofrRNA. Secondly, the relative concentrations of membrane RNA and ribosomal RNA when determined for the two endo-1973 (2) 6±1 (2)* * These values refer to the amounts of acid-soluble material liberated from free polyribosomes from liver. (---) . The RNAase/RNA ratio was 1 :1 (w/w) for 15min at 37°C (RNAase specific activity 9.1 units/ mg). Yeast tRNA and liver 5S RNA were used as molecular weight markers. plasmic reticulum membrane preparations was similar; in fact the liver membranes appeared to contain slightly more RNA than the brain (Table 3) . Thirdly, the gels (Fig. 3a) show no significant increase in 4S RNA material in RNA derived from the brain cortex endoplasmic reticulum and fourthly, detached ribosomes show a difference similar to that of attached ribosomes.
The effect of increasing RNAase concentrations was determined with the membrane-bound ribosomes (Table 4 ). The differences observed at low RNAase/RNA ratios appeared to disappear at high RNAase concentrations and lowering the Mg2+ concentration resulted in the liver rRNA in the ribosome becoming more labile than the brain rRNA to RNAase A.
The membrane-bound ribosomes were treated with RNAase, extracted with phenol and then analysed by polyacrylamide-gel electrophoresis in 5 % gels [which exclude both the 18 and 28S rRNA (Bishop et al., 1967) ]. Control (non-treated) samples contained a little 5S and 4S RNA (which enters the gel) but most of the RNA did not enter the gel, as expected for nondegraded rRNA (Fig. 3a) .
Enzite-RNAase treatment ofthe membrane-bound ribosomes appeared to result in some detectable size differences in fragments from the two tissues.,. Treatment of liver ribosomes (Fig. 3b ) produced a high (-500000)-molecular-weight band and four bands in the 100000 region, and similar treatment of brain ribosomes produced fragments of molecular weight in the region of 100000. These results suggest that the rRNA in brain ribosomes bound to the endoplasmic reticulum membrane possess sites susceptible to Enzite-RNAase attack that are different from those attached to liver ribosomes. Treatment of ribosomes with T, RNAase resulted in a similar series of fragments with both membrane preparations.
Conclusions
There are two points which can be made from this study. First, it is impossible to determine whether or not attachment of the ribosome to the membrane results in a significant amount ofthe rRNA becoming less accessible to attack by a sterically hindered nuclease, because of the high concentration of endogenous RNAase observed in both endoplasmic reticulum membrane preparations.
Secondly, all RNAase hydrolyses liberated more material from the detached-bound and bound ribosomes derived from the brain cortex than from the liver. This is not due to the presence of other membrane-associated RNAases and is only observable at low RNAase concentrations; at high RNAase/RNA ratios (1:10) these differences become negligible, probably because the hydrolysis makes hidden breaks accessible to nuclease attack (Cox, 1969 was obtained with this nuclease only with ribosomal RNA derived from different species; also Higashi et al. (1972) found that this enzyme revealed little difference between rRNA from liver and kidney tissue, although it detected distinct differences between foetal and tumour tissue in comparison with adult tissue. One important point is whether a ribosome attached to the membrane can be compared with a ribosome removed from the membrane by detergent treatment. We have attempted to answer this criticism by employing free, non-detergent-treated polyribosomes and have shown that a similar hydrolysis curve is produced (Fig. 2) , as with the detergent-treated ribosome. In fact slightly more material is liberated with the free polyribosomes. This type of control is probably the best available at present, as any method used to remove ribosomes from the membrane such as citrate -phosphate buffers (Ragland et al., 1971) will probably affect the ribosomal structure in an illdefined manner. However, it must be remembered that minor differences in protein composition apparently exist between bound and free polyribosomes in chick embryo (Fridlender & Wettstein, 1970) ; also brain cortex ribosomal RNA species were methylated at different rates (Murthy, 1972) , although no determinations were made to see if this was a large enough effect to alter the final base composition. Whether these minor compositional differences will result in a major structural difference in the ribosome appears somewhat unlikely.
We therefore conclude that the accessibility of the rRNA species of brain-cortex and liver ribosomes to low RNAase concentrations is different. These observed differences could be due to the different protein compositions of the ribosomes derived from the two tissues (McInnes, 1972) or an altered RNAprotein interaction caused by different rRNA conformations and/or sequence. The latter appears somewhat unlikely as no vast differences were seen in the kinetics of RNAase hydrolysis of RNA (Dingman & Sporn, 1962) and titration with a fluorescent dye, ethidium bromide; also, a comparison of the circular dichroism spectra ofboth classes ofribosomes showed no detectable differences (H. Simpkins, unpublished work).
